We examine the physical mechanism of the negative and positive storm at middle latitude in August 1992, based on incoherent scatter radar (ISR) observations over Millstone Hill (42.6 • N, 288.5
Introduction
Large disturbances in the F region density take place during periods of enhanced geomagnetic activities. As a result, the positive storm of plasma density increase and the negative storm of plasma density decrease can often be observed. Several mechanisms have been considered to account for the magnetic storm effects. Recent reviews about ionospheric storm effects have been presented by Prölss (1995) , Buonsanto (1999) and Danilov and Lastovička (2001) . The negative storm, in general, is attributed to neutral composition changes. Pavlov and Foster (2001, and references therein) also suggested that vibrationally excited N 2 and O 2 may play an important role. The causes for positive storm effects are more complicated. The mostly suggested causes may be the F 2 layer uplifting due to thermospheric winds and electric fields or traveling atmospheric disturbances (TADs) (Prölss, 1993 (Prölss, , 1995 Werner et al., 1999) , and also changes in neutral compositions (e.g., Field and Rishbeth, 1997; Field et al., 1998; Immel et al., 2001) . Therefore, mechanisms for the magnetic storm, especially for the positive storm, are issues not quite understood, and direct measurements are very important for any further investigations.
The neutral composition, together with the solar EUV and dynamical effects of neutral winds and electric fields, is crucial for the ionospheric electron density distribution during Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRA-PUB.
quiet and disturbed periods. Due to lack of direct experimental data and only climatological models such as MSIS and HWM available for the thermosphere, various attempts are made to deduce the main neutral parameters, e.g., from IS ion temperature profiles through solving the energy equation (e.g., Bauer et al., 1970; Oliver, 1979) or from full electron profiles (Mikhailov and Schlegel, 1997; Mikhailov and Forster, 1999; Zhang et al., 2001 Zhang et al., , 2002 . Zhang et al. (2001 Zhang et al. ( , 2002 have explored the possibility and ambiguity in deriving multiple parameters from electron density profile data and concluded that it is almost impossible to adjust more than two free parameters simultaneity because of the high binary correlation in fitting the N e profile. In this paper, we will use both T i (h) and N e (h) profiles in the data assimilation process to obtain reliable thermospheric information.
Using the derived thermospheric information from the Millstone Hill ISR observations as well as a theoretical ionospheric model, this study is to explore the physical mechanism of the negative and positive storm at middle latitude in August 1992. We will firstly give a brief description of an ionospheric model and present the data assimilation method in Section 2, and then use the inferred neutral parameters from the ISR data to examine the physical mechanisms of the storm effects in August 1992 in Section 3. Discussions and summary are given in the last section.
Ionospheric Model and Method
A one-dimensional theoretical model has been developed for mid-latitude ionosphere over the altitude range of 100- 600 km (Lei et al., 2004a, b Lei et al. (2004a) . The updated version of our model with new rate coefficients has been given in the later work of Lei et al. (2004b) . The ion continuity equation for O + can be solved by an implicit, time-stepping numerical method if the boundary and initial conditions are set. An assumption of photochemical equilibrium is adopted at the lower boundary (100 km), and the observed plasma densities are directly used at the upper boundary (600 km). The observed plasma temperatures are also input to the ionospheric model. Because deriving the plasma parameters in the F 1 region from the incoherent scatter radar (ISR) spectrum depend on the assumption of the ion composition profile (see Lei et al., 2004b) , the calculated ion compositions from our ionospheric model are used to correct the measured temperature and electron density by multiplication with the factors of Waldteufel (1971) .
Input parameters of the ionospheric model (climatological model values), such as the neutral composition, neutral temperature, neutral winds and solar flux, can be set as adjustable variables to bring in the best match with observed electron profiles (Zhang et al., 2001 (Zhang et al., , 2002 . Default neutral atmospheric parameters are taken from the NRLMSISE-00 model (Picone et al., 2002) . The solar flux EUVAC model (Richards et al., 1994 ) is used to define our initial EUV flux. The measured vertical ion drift V iz from Millstone Hill ISR is used to estimate the initial thermospheric winds (V z -based wind) after subtracting the drift caused by plasma diffusion V d (ISR) and electric fields V ez (ISR), as discussed by Schlesier and Buonsanto (1999) . The O + -O collision frequency ν O + −O is a critical parameter for the ionospheric modeling.
In our model we take the formula suggested by Pesnell et al. (1993) . The neutral exospheric temperature (T ex ) can be determined from the ion energy equation (Bauer et al., 1970; Oliver, 1979 (Lei et al., 2004a) to investigate the relative variation of neutral parameters during the disturbed period in question. For this data assimilation study, we consider only the daytime electron profiles.
Observations and Calculations
The variation of geophysical indices F107, K p and D st during August 2-6, 1992 is shown in Fig. 1 . The solar 10.7 cm flux index, F107, varied from 128 to 142 during August 2-6, and the 81-day average of the F107 flux was about 128 units during this period. The 3-hour K p was less than 2 on August 2-3, and we can consider this period as magnetically quiet days. A sudden storm commencement (SSC) was observed at about 1407 UT on August 4, and D st was down to −80 nT at ∼0800 UT on August 5. A maximum K p of 5 + went on two 3-hour intervals on this day. followed by a large decrease of h m F 2 to ∼200 km (here we called a G-like condition (Pavlov and Foster, 2001) . It should be noted that the daytime electric field on August 5 is less than 10 mV/m at Millstone Hill. The evening N m F 2 enhancement is a striking feature not only during the quiet period (the so-called evening enhancement in summer, see Evans, 1965) but also disturbed days (the so-called dusk effect, see Buonsanto, 1999) . The calculated N m F 2 and h m F 2 agree well with the observed data, and agreement is better during the nighttime than during the daytime. Even though plasma temperatures are from observations, and the observed N e is set as the upper boundary, there still exists a large departure during some time interval between the model results and observed data. We expect better agreements can be achieved by adjusting EUV flux and the neutral parameters. As stated before, multiple parameters can not be derived simultaneity from the observed N e , therefore the steady state ion energy equation is firstly solved to extract the thermospheric parameters. Figure 3 depicts the exospheric temperature T ex and atomic density [O] , both determined from ISR data (mainly T i ) using a heat balance calculations over Millstone Hill on August 2-6, 1992. Comparisons with corresponding values predicted by the NRLMSISE-00 model are also made. The T i -based T ex is close to the MSIS value on August 2-3, 6, and the average difference between the T ibased T ex and the standard NRLMSISE-00 value is generally about 50
• K during these days. But the difference becomes larger on August 4-5, and reaches 100-200
• K during nighttime of August 4-5. The calculated [O] (Buonsanto et al., 1997) and influence of hot atomic oxygen (Oliver and Schoendor, 1999 , and references therein), it is still valid to examine its relative variation. During disturbed periods, ion-frictional heating (IFH) may be a possible source of systematic errors in determining T ex and [O] . Applying the method of Litvin et al. (2000) , in this case the systematic error should be very small. We can find that there was an increase in [O] on August 4 and a decrease on August 5 with respect to the quiet reference day. T ex and [O] derived from the heat balance calculation indicated that large perturbations are set up during the disturbed days, which may be caused by Joule heating in the auroral zone.
Given the uncertainty in [O] , only the derived T ex from heat balance method is fed into NRLMSISE-00 model to produce the self-consistent neutral temperature and Figure 4 shows the averaged multiplicative factor f E and the binary correlation between EUV and meridional wind after adjusting the EUV-wind pair for quiet days August 2-3. We adjust the EUV flux by the same multiplicative factor at all wavelengths. The hourly EUVAC factor (dots) is obtained by averaging for these two quiet days. The correlation coefficients are important to judge whether the inferred parameters are reliable. Strong correlation coefficient indicates that variable determination is not unique. As shown in Fig. 4 , the binary correlation between EUV and meridional wind is weak, implying that these two inferred parameters are reliable, because meridional winds move the ionization down/up to a faster/slower chemical loss region and consequently alter the chemical loss rate, while the EUV flux only affects the production rate (Zhang et al., 2002) . The meaningful factor is the daytime average of the hourly f E factors assuming that the solar flux does not change with local time. This averaged factor is found to be 0.79, and then applied to all our subsequent calculations. This factor agrees quite well with those given by Zhang et al. (2002) .
For the wind-[O] search, the [O]/[N 2 ] ratio and meridional winds at 300 km, and their correlation coefficient are shown in Fig. 5 . To comparisons, the V p -based winds (obtained from the ion drift vector) are also plotted. As shown in Fig. 5(a) , the [O] and winds are weakly correlated, thus both parameters are derived simultaneously without ambiguity. The inferred [O] shows the same tendency with that calculated by the energy equation (shown in Fig. 3 (Mikhailov et al., 1995) . The meridional winds agree well with the V p -based winds, the slight difference, however, may partly be associated with the error in computing V p -based winds which involve the use of the MSIS model to infer the ion diffusion velocity. The MSIS model was not modified to consider the composition correction. From the inferred winds, we can see the reduced poleward or enhanced equatorward winds on August 4, and a large poleward winds on 
Discussion and Conclusion
We have studied the storm effect over Millstone Hill in August, 1992. The observed electron density displays the positive phase after SSC on August 4 and the negative phase on August 5. We have been interested in the possible physical mechanism responsible for the changes of electron density through an analysis combining the ISR measured data and model calculations. The modeled densities based on the standard input parameters (climatological model values) are generally in agreement with the observed values, but some departments exist during some period, requiring exact information about the background atmosphere other than a general climatological description for quiet condition. Thus, a data assimilation technique was used to deduce the exospheric temperature, winds, and oxygen density, and solar EUV flux from T i and N e profiles to understand the mechanisms of the positive and negative storm effects.
These deduced parameters indicated that a large composition perturbation has taken place on the disturbed days, which may relate to the changes in the thermospheric circulation initiated by heating in the auroral zone. Our results show that the negative phase is ascribed to both the large poleward winds and the decreased [O] (Prölss, 1993 (Prölss, , 1995 .
One of the most interesting results of this study is that the atomic density [O] or [O/N 2 ] ratio has a significant increase during the positive phase of the storm on August 4. As mentioned earlier, positive storm effects have not been fully understood. According to the Prölss model (Prölss, 1993) , the positive phase results from meridional winds or TADs. Mikhailov et al. (1995) had analyzed the AC-C and ESRO-4 neutral composition data for the 24-26 January 1974 storm and suggested that the daytime positive storm is due to the storm-induced thermospheric winds, not the changes of the neutral compositions. Other workers (e.g., Field and Rishbeth, 1997; Immel et al., 2001 ) also suggested that the positive storms are caused by the neutral composition perturbation. This case study provides evidence of the composition effect for the daytime positive phase at middle latitude, in addition to dynamical effects of neutral winds and electric fields.
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